Since 2007, the ecosystem of the Gulf of Lions has shifted to a different regime, characterised by a low anchovy (Engraulis encrasicolus) and sardine (Sardina pilchardus) biomass and a remarkably high sprat (Sprattus sprattus) biomass. Surprisingly, the abundance and recruitment of anchovy and sardine remained high. To understand which processes (bottom-up or top-down control, etc.) could have caused this shift, we studied the changes in body condition, growth and size and age of anchovy, sardine and sprat over 1984-1985 and 1992-2012, using data from scientific surveys. The annual age structure of anchovy and sardine was estimated using Bayesian mixture models based on size frequency data with priors on the age-length relationship derived from independent otolith readings. The results indicated periods during which anchovy and sardine were in an average (1992-2004), good (2005-2007) or poor (2008)(2009)(2010)(2011)(2012) overall state of condition. For sardine, the shift towards smaller fish observed during these past 4 years was explained by a combination of slower growth and the disappearance of older individuals (ages 2+). Despite the increase in biomass of sprat since 2008, indications were found that sprat was also smaller than in the past. As growth and condition decreased and overexploitation has not been documented or suspected for those three species in this area, we propose that the current decline in sardine and anchovy biomass could be due to qualitative and/or quantitative modifications in the planktonic production (i.e. a bottom-up control) or mass mortalities of adults due to an epidemic disease.
Introduction

29
Small pelagic fish are a key component of pelagic ecosystems owing to their high overall biomass at a mid-trophic level, 30 which provides an important energy linkage between upper and lower trophic levels, i.e. wasp-waist control (Rice 1995 Recently, an important shift in the small pelagic fish community of the northwestern Mediterranean Sea has been 36 observed. The dominant species, i.e. sardine (Sardina pilchardus) and anchovy (Engraulis encrasicolus), declined in biomass 37 while sprat (Sprattus sprattus) which has been rare for the last two decades increased tremendously in most recent years 38 (Fig 1. , Palomera et al. 2007; GFCM 2011) . Surprisingly, the abundance (total number of fish) of both anchovy and sardine 39 5 June to September, doubling the amount of length-age records for each species. The total length of each individual was 107 measured (to the inferior 0.5cm) before the otoliths (sagittae) were extracted and read. 108
Data analysis 109
Length-weight relationship and body condition 110
The condition of the 3 species was compared between years, using weight-length relationships and a relative condition 111 factor (Le Cren 1951) . Both analyses are reported in this study because they differ in results and utility. An analysis of 112 covariance (ANCOVA; Zar 1999) was performed so a difference in the year-to-year slopes of the fitted linear relationships 113 ( ) ( ) ( ) could be detected (were W is the mean weight of individuals of length L). Because we 114
wanted to test for a year-to-year difference, the interaction between the categorical predictor variable (year) and the 115 covariate was included in the full model. This model was superior based on AIC selection and anova tests compared to more 116 parsimonious models with only an additive effect of year and size or with size alone. A Tukey test was then used to 117 investigate the pairwise relationship between all years. 118
Because length distributions changed on a yearly basis and b was not always equal to 3 (Froese 2006 ), a relative condition 119 factor (measuring the anomaly in weight of a fish of a given length) was calculated per year and per trawl for each size 120 class: 121 122 where a and b are the regression parameters of the length-weight relationship computed over all data pooled together. 123
These length-weight relationships were highly significant for all 3 species (R²>0.95, p<0.001), with the following allometric 124 formulas:
, and , for anchovy, sardine and sprat, 125 respectively. A Kruskal-Wallis test was used to check for statistical differences in body condition index between years, 126 followed by a multiple comparison post-hoc test. Furthermore, the use of the relative condition factor allowed for a 127 comparison between age groups by attributing an age to each length class, based on the output of the age structure 128
analysis. 129
Size distribution 130
We plotted a size frequency distribution per year per species in order to describe the temporal variations in length 131 structure of the 3 populations. The number of measured fish (n) and the number of trawls from which they originated (N) 132 ranged between 811-6229 (N=5-40), 564-5060 (N=9-42) and 0-5004 (N=0-30), for anchovy, sardine and sprat, respectively. 133
For sprat, no or very few individuals (<6) were found in 1993, 1998, 1999 and 2001. When only a subsample had been 134 measured, the total frequency of individuals per length class was obtained by weighing the measured frequency of 135 individuals per length class of a trawl by the total species weight in the trawl divided by the subsample weight. Anchovy 136 smaller than 8cm were removed from all analyses because they were generally not caught or targeted (except during 1995). 137
Size at age and growth 138
Growth was only considered for anchovy and sardine since no otolith readings were available for sprat. Age-length data 139 from fish caught between June and September were selected, so all factors investigated reflected the status of the 140 populations during summer. To measure growth rates of anchovy and sardine and to construct the age-length priors for the 141 mixture models, 3313 and 2974 otolith readings acquired during the summers of 13 and 11 years were used for anchovy 142 and sardine, respectively. Both species displayed year-to-year variations in length-age relationships that were similar to 143 what was observed for the condition index and median size. Therefore this data was split up into periods, which we6 retained for age structure analyses. For sardine, non-linear least square regression was used to fit a Von Bertalanffy model 145 for each period, using the nls function of R (R core team 2013): 146
where L t is the expected length at age t, L ∞ is the asymptotic maximum length, K is the von Bertalanffy growth constant and 148 t 0 is the theoretical age at length zero. For sardine, too few otolith readings were available per age class per year to fit 149 annual models, especially for the early period. For anchovy, length at age 0 was removed since data was originating from a 150 small number of individuals found during few years. As a result, not enough age classes were present for anchovy to 151 accurately fit a growth model. For sardine, we also calculated the overall growth performance (Pauly and Munro 1984): 152
153
This enabled us to reduce the number of parameters of the Von Bertalanffy growth model to one, as to compare growth 154 more easily between periods and with previous studies. 155
Age distribution 156
Bayesian mixture models were used to estimate the age structure from both length frequency data and age-length keys. In 157 doing so, a framework was developed that is more powerful than traditional mixture models that are based on only one of 158 these information sources. As the age-length keys used as priors were based on otolith readings, this analysis could only be 159 performed for anchovy and sardine. Priors were constructed based on the extracted summary statistics (mean length, 160 standard deviation, number of data points) of a normal distribution fitted to the length frequency plots of each age class, 161 per species and per period. To do so, size frequency per age class was first weighted by the total frequency of that age to 162 compensate for potential biases in the sampling. The choice for a prior per period (instead of one general prior) allowed us 163 to obtain a more accurate estimation of the age structure. For the years where no data derived from otoliths were available 164 (mostly before 2002), the prior from the period after was used. Since the priors were constructed based on data from more 165 recent years, we considered them to be unreliable for the use of age structure analysis of 1984 and 1985. 166 The finite mixture model was fitted on the weighted size distributions using Rstan, an R package for Bayesian modelling that 167 uses a variant of the Markov-Chain Monte Carlo sampling technique (Stan Development Team 2013). The model had the 168 following output parameters (per mixture component): µ age (mean length at age), σ² age (standard deviation of µ) and θ age 169 (mixing proportion). The mixing proportion is an estimate of the relative abundance of each age category in relation to the 170 total population. The prior for µ age was a normal distribution where µ and σ² were replaced with values from the age-length 171 prior. Age classes were forced to be ascending. Therefore, we truncated the upper limit for µ age by the value for µ age+1 172 reduced with the minimal distance between two mixture components. This value was calculated as the minimal difference 173 in mean length found between 2 successive age classes from 2 successive years (so a cohort was followed) from individuals 174 used for otolith analysis. For our data, this improved the results significantly as label switching (when within or between 175 chains labels switch between peaks) was avoided, allowing the model to converge (Stephens 2000; Jasra et al. 2005) . 176
Furthermore, on the uniform prior for sigma a constraint on the lower and upper limit was set (0.2-2) to avoid extreme 177 values that were highly unlikely from a biological point of view. The starting values for the parameters µ age and σ² age were 178 based on the prior, and θ age was initiated at 1/M (with M being the number of mixture components). 179
Since a finite mixture model was used, it was necessary to find the optimal number of components (M) to fit. We decided to 180 select M manually, since M was impossible to be determined from the data alone (Hunt and Jorgensen 1999; Laslett et al. 181 2004) . Given that the prior indicated the expected mean length and standard deviation of each age class, the estimation of7 the number of components likely to be present was mostly straightforward. Still, each time the model was run for at least 2 183 different values of M. For each year and species, the model outputs were compared by superimposing them on the 184 observed histogram. Together with convergence assessment, this allowed us to select the optimal M value and to confirm 185 that the results were biologically plausible. 186
Relationship with abundance and biomass 187
Principal component analyses were used to summarise into a few dimensions (i.e., the principal axes) the variability of the 188 different population parameters (the descriptors) over time (the objects), so that we could comprehensively consider the 189 state of the population during certain periods. Estimates of the total abundance and biomass of anchovy, sardine and sprat 190 in the Gulf of Lions were deduced from acoustic information, except for 1992 and 1994. We considered the relationship 191 (with and without lag) between abundance and biomass (both log transformed) and the average fish size, body condition 192 (Le Cren's relative condition index) and age (calculated as the sum of all ages multiplied by their relative abundance in the 193 population, i.e. θ age from the mixture models). Growth was excluded since data is limited to certain years. Since age 194 information was not available for sprat, we only conducted this analysis on anchovy and sardine. 195
Results
196
Length-weight relationship and body condition 197
The ANCOVA established that yearly length-weight relationships differed significantly and 2000 for sprat, it is of interest to note that the condition factor was high in those years. For anchovy and sardine we 212 found no pronounced discrepancy between the changes in body condition of different age classes, although in 2011 a slight 213 increase in condition of 2 year old sardines was visible (Fig. S2) . 214
Size distribution 215
The maximum total length of anchovy observed was 18.5cm and 95% of all individuals had a length between 10.0 and 216 15.5cm (median=12.5cm, Fig. S3 ). The modes of the mostly unimodal size distributions remained fairly constant until 2005, 217 whereupon a sudden shift towards larger individuals was detected (Fig. 3) Sardine had a median length of 14.5cm, with 95% of all fish having a size between 8.5 and 17.5cm (min=5.5cm, max=22cm, 223 Fig. S3 ). In contrast to anchovy, 2 distinct modes were discernible for most years, of which the second (containing the larger 224 individuals) seemed to diminish gradually from 2009 onwards (Fig. 3) . When looking at absolute values, it becomes clear 225 that this tendency is not only caused by a decrease in the proportion of larger fish (possibly caused by e.g. an increase in 226 younger fish), but also by their disappearance, as for instance fish larger than 17cm were not caught in 2012, whereas 227 before 2009 this always happened in considerable abundances. From 1992 to 2008 there were some fluctuations in the 228 proportion of individuals belonging to each peak and the mean size of both modes, but no clear trends. During 1984 and 229 1985, individuals were on average larger than in most other years. These two years were the only ones in which sardines 230 bigger than 21cm were found. 231
The size range of measured sprat was between 5 and 14.5cm (median=9.5cm and Q 2.5-97.5 =8-12.5). Although in the last 232 years more individuals were sampled, the maximum size observed was still smaller than during previous years in which, 233
however, only few sprat was found (Fig. 3 ). This period (2008-2012) was mainly characterised by one single peak (except for 234 2011), while in other years 2 modes were clearly visible (1984-1985, 1996, 2004-2006) . Because of the lack of data for some 235 years, it is difficult to detect any clear trend. A comparison between species showed that sprat and sardine displayed larger 236 year-to-year variations in size distribution than anchovy (Fig. 3) . 237
Size at age and growth 238
For anchovy and sardine, otoliths of age categories 0-4 and 0-8 were found, with very few individuals belonging to the 239 oldest age classes. Periods with a dissimilar age length relationship were observable; hence the data was split based on 240 age classes 1 (when included) and 2 had a higher mean length (although the standard deviation is relatively high). In 1998 256 and 2000, age class 3 was incorporated as well but had a lower average size than during the 3 year period. The contribution 257 of each age to the annual population did not follow any clear temporal pattern, so that strong or weak cohorts could hardly 258 be followed (Fig. 5 and S3) . After this period, an overall downwards trend was visible in mean size, together with a decrease in the proportion of older 263 fish and their progressive loss. That is, from 2009 onwards age 3 became unobservable, followed by age 2 in 2011 (while 264 this age class had previously always been present). We found that in the bimodal size structure of sardine, the first mod is 265 always shaped by age-0 fish, sporadically supplemented by a smaller proportion of age 1. 266
Relationship with abundance and biomass 267
The PCA analysis allowed us to objectively define the state of health of the populations during the different years, with 268 years situated in similar situations clustered together. The first and second axis of the PCA encompassed together 82% 269 (anchovy) and 78% (sardine) of the total variance. The first axes of both PCAs, which alone summarised respectively 49% 270 and 59% of the total variance for anchovy and sardine, opposed condition, age and size to abundance (Fig. 6) 
Discussion
282
This study allowed us to (i) assess the amplitude of inter-annual changes and outline the state of the populations, (ii) 283 develop an advanced method to obtain age structures from length data, (iii) document new biological information on 284 anchovy, sardine and sprat in the Gulf of Lions and (iv) make an hypothesis about the possible drivers of the regime shift. 285
For this, different biological parameters were used that are scarcely reported in parallel and simultaneously for multiple 286 species despite their importance. In our study, these parameters fluctuated during the whole period almost independently 287 from biomass and abundance data, only for sardine we found a weak inverse relation of abundance. Even more, sardine 288 abundance was not highly correlated with sardine biomass, indicating that high numbers of individuals in the ecosystem do 289 not always equal a high biomass (and vice-versa). This study illustrates how looking at changes in biomass alone can be 290 misleading as they might reflect various types of changes in the health of a population. The use of the biological parameters 291 allowed us to define periods in which species were in a relatively good or poor state, which could not have been done with 292 abundance and biomass data alone. 293
State of the populations 294
Body condition, growth and size and age structure varied mostly in parallel for sardine and anchovy (except for condition in 295 average (but not a good) body condition, despite their increase in abundance and biomass. To evaluate the uniqueness of 307 the observed changes and the utility of the selected parameters, we discuss these separately. 308
Biological parameters 309
Length-weight relationship and body condition 310
Several length-weight relationships have been given for anchovy, sardine and sprat in the Mediterranean, but in the Gulf of 311
Lions this relationship was as far as we know only published for anchovy by Campillo (1992) and calculable for sardine 312 based on the data given by Lee (1961, ) . Essentially, the established length-weight-relationships 313 were useful for obtaining the relative condition factor (as was previously done for these species; see 
320
Size distribution 321
Size structures had not been documented for pelagic species in the Gulf of Lions, with the exception of landing-based 322 surveys for sardine in 1959 (Lee 1961 ) and sprat in February and April 1945 (Furnestin 1948) . In spite of fisheries selectivity 323 causing a difference between landing based and scientific trawl surveys and hence bringing forth unimodal size 324 distributions in these two previous studies, the second mode (with the largest individuals) can still be compared. In July 325 1959, the largest proportions of sardine (>95%) ranged between 15 and 17 cm, which is similar to the size of the second 326 mode of several years we investigated (1984, 1985, 2006 and 2007) . While comparison of the first mode of small sardines is 327 prevented, it highlights once more the anomaly of the gradual disappearance of this second mode since 2009. Similarly, in 328 1945, mostly sprat of 11cm was caught in the Gulf of Lions, which only happened occasionally from 2009 onwards 329 (Furnestin 1948) . Sprat in the Baltic Sea is known to have a bimodal structure similar to our findings for 1984 and 1985, i.e., 330 a first mode (comprising the small individuals) and a second much larger peak (Cardinale et al. 2003 ). This study revealed 331 that although the sprat biomass has considerably increased, the absence of the second mode in most recent years and a 332 body condition factor close to 1 suggest that sprat is probably not in its best "state of health", in contrast to what could 333 have been expected. For anchovy, the unimodal size distribution observed corresponds to what was previously seen in 334 other regions (Barange et al. 2005) . 335
Size at age and growth 336
Growth values for sardine showed no remarkable deviation from other regions, except for the last four years which 337 and Alvarez (1993), the actual age of individuals was calculated as the age read plus the year fraction between the survey 342 date and a theoretical birthdate, as to correct for the different sampling periods. Since sardine has a prolonged spawning 343 period, their birthdate is not fixed, possibly leading to different age estimates. For anchovy, length at age in the area was 344 previously given by Campillo (1992) , who found values of length at age 1 and 2 most similar to what we found for the slow 345 growing period. 346
Age distribution 347
To test the hypothesis that fish were smaller because they were younger, age structure information was needed. We are to 348 our knowledge the first to combine multimodal decomposition of fish population size structures with otolith readings (age-349 length priors) within a Bayesian framework. Multiple programs and packages built on mixture models have been developed 350 which can be used for (or are created exclusively for) detecting age classes (e. The mixture model that we used provided consistent results, despite the absence of several observable peaks in the size 357 frequency data. Only in the few cases where the size distribution resembled a nearly perfect normal distribution did the 358 model not converge. Fish for otolith readings were not randomly sampled but an effort was made during the PELMED 359 surveys to include the largest and smallest individuals, thus enlarging the probability of selecting the oldest and youngest 360 fish. Therefore, older individuals were found in the otolith dataset than were included in the mixture model (age 4+ for 361 anchovy and ages 5+ for sardine). These age categories were present in certain years, but were too low in proportion (< 362 0.5% and 0.1% for anchovy and sardine, respectively) to be included in the mixture analyses. Furthermore, age 0 was not 363 detected in multiple anchovy size distributions, but this does not imply the absence of this age category at that moment. 364
These youngest individuals were most likely too small to be caught in sufficient numbers by the trawl. In contrast, age 0 365 sardine were caught in considerable quantities. This discrepancy was probably caused by different spawning seasons 366 (Uriarte et al. 1996) , but all concluded that only a minor fraction belongs to these oldest age classes. Correspondingly, age 4 372 was completely lacking from the age distribution of anchovy, which was clearly dominated by ages 1 and 2. The importance 373 in terms of relative abundance of these two age classes was also observed in the strait of Sicily (Basilone et al. 2004) and 374 the western coast of Algeria (Bacha and Amara 2012). The authors also noted the potential quantitative underestimation of 375 age 0 anchovy. In the Mediterranean, sardine was aged up to 8 years (in agreement with the otolith readings in this paper), 376 but age distributions were not reported afterwards (Pertierra and Morales-Nin 1989; Morales-Nin and Pertierra 1990; 377
Alemany and Álvarez 1993; Kada et al. 2010) . In contrast to anchovy, we found a high proportion of age 0 for sardine, and 378 generally a somewhat lower proportion of age 1 fish, but age proportions varied vastly between years. For both species, we 379 were unable to follow cohorts over time, indicating that there might be a certain degree of emigration/immigration or age-380 specific selectivity of the fishing gear (GFCM 2011). 381
Implications 382
The four biological parameters (body condition, size distribution, growth and age distribution) gave additional information 383 on the population fluctuations and general "state of health" of the three stocks investigated that could not have been 384 obtained when investigating these factors and stocks separately. For example, by comparing trends in three species, we 385 were able to infer the scale at which the changes took place. The similarity between the patterns allows us to conclude that 386 the main drivers are unlikely to be species specific. This information could not have been inferred from biomass or 387 abundance data, which fluctuated differently from the studied parameters. The complex relationship between both types 388 of parameters (quantitative vs. biological) delivers an additional stimulus to implement indices of population structure and 389 dynamics when assessing a population's status. Overall, our results confirm that the decline in the anchovy and sardine 390 biomass is most likely not related to recruitment but could be due to the combined effects of poor condition, slower growth 391 and the disappearance of older and larger individuals. This is especially surprising for short-lived species, of which biomass 392 fluctuations are known to be mainly influenced by reproductive success rather than adult survival (see for instance Oli landings/biomass) of the three main species (maximal when their biomass was already low or started to increase) and the 400 nature of the observed changes (e.g. almost parallel for anchovy, sardine and sprat; the latter being not exploited), 401 overexploitation is unlikely to be the prime force of this pelagic ecosystem shift. Furthermore, during the last years the size 402 structure of the landings is also skewed towards small individuals. Thus, the removal of large individuals by fisheries is only 403 occurring to a very minor extent. This does however not exclude fisheries as a possible agent of change, as fishing and other 404 factors can have a joint effect. Since growth and condition are affected, we suggest bottom-up processes (e.g. prey 405 availability and composition) as the main hypothesis. For example, environmental factors might influence the productivity 406 and the quality of the plankton community, possibly favouring sprats, which are known to have a more diversified diet than 407 anchovy and sardine (Banaru pers. comm.). Such environmentally driven changes in small pelagics habitats have already 408 been observed in various ecosystems (e.g. Barange et al. 2009 ). However, we do not rule out the possibility of an epidemic 409 disease, which could also alter the age and size structure of small pelagics fish, as observed in this study. The risk of 410 infection is estimated to be increased worldwide (Harvell et al. 1999 ) and previous examples of disease outbreaks 411 drastically affecting small pelagic fish populations exist (e.g. Sardinops sagax in Australia, Jones et al. 1997 ). Future studies 412 investigating the influence of environmental factors or density dependence on population fluctuations and the presence of 413 pathogens in adult fish should help distinguishing among these 2 main hypotheses. 414
Figure legends is the number of data points used (i.e. the number of size classes of a given year for which weight data was available, over 547 all trawls) and n, the number of fish measured 548 
